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In this paper we describe a method that uses the nearly covalent strength biotin–streptavidin interaction to attach a paramagnetic bead of
micrometer size to a DNA molecule of nanometer size, scaling up the spatial size of a query DNA strand by a factor of 1000, making it visible to
the human eye. The use of magnetic principles enables rapid binding and washing of detector beads, facilitating a readout of amplified DNA
sequences in a few minutes. Here we exemplify the method on mitochondrial DNA variations using an array platform. Visual identification and
documentation can be performed with an ordinary mobile phone equipped with a built-in camera.
© 2007 Elsevier Inc. All rights reserved.Keywords: Imaging techniques; Medical imaging; Magnetics; Microspheres; Oligonucleotide array; Sequence analysis; Signal amplification assayAlthough DNA is considered a macromolecule, it is no
more than nanometer scale in size, which makes it undetect-
able by the human eye. In fact, in science today, the general
trend seems to be that technologies are becoming smaller,
whereas at the same time researchers are constantly aiming to
enlarge and/or visualize the smallest constituents in nature. As
the entanglement of physical science into biological science
grows deeper, a new era of possibilities emerges in which we
no longer have to make assumptions about biological systems.
Today nanoscale systems are where the limit of comfortable
detection is positioned. This enables us to look into the
detailed structures of macromolecules, such as the proteins
involved in photosynthesis or the nucleic acids containing up
to a billion bases that are encapsulated in every living cell in
nature. But such detailed perfection comes at the price of
expensive equipment and often-tedious protocols, limiting
their usefulness.
The utilization of magnetic principles in the biological
sciences has emerged as an effective strategy to purify and
extract sample populations rapidly and specifically. This has
been exemplified through the use of paramagnetic particles in⁎ Corresponding author.
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doi:10.1016/j.ygeno.2007.07.014manual and automated processes [1–3] involving all kinds of
biomolecules as well as cells [4]. The surface of these particles
is often modified for a specific use. This can be done, for
instance, by coupling a DNA probe on its surface for
hybridization capture of complementary DNA, or by attaching
an antibody for binding its antigen. We have previously
successfully used streptavidin-coated paramagnetic beads for
solid-phase sequencing [5], pyrosequencing [6], and PCR
product cleanup [7], and we also demonstrated that such
systems can be cost-effective by reversing the biotin–
streptavidin interaction, facilitating reuse of paramagnetic
particles [1].
In the present work we describe a novel use of streptavidin-
coated paramagnetic beads by providing a simple method for
biomolecular detection on a standardized platform to make
DNA and DNA sequence variations visible to the eye by
trapping of paramagnetic beads in real time. This will open up
new possibilities for developing a point-of-care device for DNA
analysis that can be produced and used at low cost.
Results
The present method uses the biotin–streptavidin interaction
[8] to attach a paramagnetic bead to a DNA strand, increasing
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labeled with a biotin molecule is used to trap a streptavidin-
coated bead. Such trapping takes place in a rapid manner given
the high local concentration of streptavidin on the bead's
surface, creating a bond of nearly covalent strength between the
DNA and the bead. If the DNA is hybridized or otherwise
coupled to a surface, the affinity between the DNA and the bead
will lead to the bead staying immobilized at the surface,
enabling detection and direct visualization of the presence of
biotinylated DNA (Fig. 1A).
The typical surface used for detecting DNA in this manner
was prepared using an array-printing robot. Fine arrays of 100-
μm-diameter spots with unique DNA oligonucleotides in each
spot are deposited onto a glass slide. The printed oligonucleo-
tides are covalently coupled to the glass surface, and two
approaches were developed for introducing biotinylated DNA
of interest to the array surface. In the first approach a
biotinylated DNA molecule is generated through the use of a
biotinylated forward-strand PCR primer. It is then separated
from its complementary strand, retrieved [1,3], and hybridized
onto the array surface, attaching only at the spots with
complementary oligonucleotide sequences. In the second
approach a single-stranded DNA molecule is generated much
in the same way as the first approach, with the exception that no
biotin is used on the forward-strand PCR primer, but is used on
the reverse primer instead. The non-biotinylated DNA molecule
is allowed to hybridize to complementary sequences on an array
surface consisting of allele-specific oligonucleotides. In a
consecutive step a protease-mediated allele-specific extension
reaction (PrASE) is performed [6,9] in which biotinylated
nucleotides are used and incorporated into the surface-attached
oligonucleotides with matching 3′ termini (Fig. 1B).
Both approaches lead to biotin-coupled DNA attached to a
surface in a highly specific and selective manner. After a standard
washing protocol to remove all nonbound DNA, in bothFig. 1. Principle of DNAvisualization by bead trapping. (A) A biotinylated DNA
strand is rapidly coupled to a streptavidin-coated bead. If the biotinylated DNA
were initially coupled to a surface the whole complex would now be visible on
the surface. (B) DNA coupled to biotin can be introduced to the surface either by
hybridizing a biotinylated strand to a complementary strand on the surface or by
hybridizing a non-biotinylated strand to the surface and performing an allele-
specific extension reaction, PrASE, with biotinylated nucleotides.approaches, and unincorporated nucleotides in the second
approach, streptavidin-coated paramagnetic beads are introduced
into the system. Using a magnet underneath the glass slide we are
able to attract the paramagnetic beads rapidly down to the
surface. The local concentration of streptavidin close to the
biotinylated DNA molecules becomes extremely high in this
way, enabling almost direct formation of biotin–streptavidin
bonds, coupling the DNA to the paramagnetic beads. Once
specific interactions have been allowed to form for a few seconds,
the magnet is removed and is placed above the glass surface. The
paramagnetic beads are now attracted in the opposite direction.
The uncoupled beads are effectively lifted away, leaving distinct
spots of beads coupled to DNA, visible to the human eye. This
detection protocol totals about half a minute from the introduc-
tion of the beads to visualization of spots (Fig. 2).
The methodology outlined in this work results in the ability
to rapidly make the presence of DNA visible to the human eye
in a specific manner on a surface. Much like dye-based
protocols [10], this method can be used to detect the presence of
specific DNA strands in a sample. The potential use for the
method combined with the allele-specific selectiveness of the
PrASE technique utilizing biotinylated nucleotides can be
found among other applications within genotyping, expression
profiling and sequencing.
In Fig. 3A five bases are sequenced using a resequencing
tiling array [11] and the PrASE reaction for allele-specific
extension with biotinylated nucleotides, followed by detection
with streptavidin-coated paramagnetic beads. In the tiling array
concept only one PCR product is generated and is then
hybridized to several different oligonucleotides attached to the
array surface. With the PrASE reaction for determining match or
mismatch of every oligonucleotide's 3′ end to the PCR product it
is then possible to characterize several positions of interest on
our PCR product, for instance, several SNPs, or, as in this case,
to characterize a continuous range of positions, thereby
resequencing the hybridized query DNA. As displayed in Fig.
3B we use a four-base tiling pattern, meaning that for each
position there are four oligonucleotides with one each of the four
bases at their 3′ end, generating only one match signal per
position, corresponding to the matching base in the query strand.
For each position one of the nucleotides will correspond to the
wild-type (WT) sequence. As shown theoretically in Fig. 3B and
demonstrated experimentally in Fig. 3A, results generated with
this rapid visualization method can clearly distinguish poly-
morphic positions in a DNA sequence in a way comparable to
that of a traditional dye-based protocol. Additionally the middle
of Fig. 3A demonstrates the sensitivity of the assay by presenting
the analysis of an equimolar mixture of amplified DNA from two
individuals having different mitochondrial sequences.
In terms of signal and signal amplification there is also great
potential to increase and improve signal intensities as well as
signal to noise by using this method of coupling paramagnetic
beads to DNA. The reflective properties and physical presence
of the bead make it constantly visible whether in a scanner, in a
light microscope, or by eye inspection of the array, and so it is
not subjected to bleaching like ordinary dyes. The properties of
the streptavidin or other available coatings of the beads
Fig. 2. Stages of DNA visualization by bead trapping. (Left) An array surface with immobilized biotinylated DNA invisible to the eye. (Middle) Streptavidin-coated
paramagnetic beads are added to the system and attracted rapidly to the surface using a magnet. (Right) Uncoupled beads are washed away by moving the magnet on
top of the surface and the 100-μm array spots with immobilized DNA appear visible to the eye.
743P.L. Ståhl et al. / Genomics 90 (2007) 741–745furthermore make it possible to attach fluorophores or other
detectable molecules of interest to further increase the signal
intensities in a scanner, creating saturated signals even with very
low laser power.
Discussion
In the present study we describe a method that can be used
for detection of nanometer-sized DNA immobilized on aFig. 3. DNA sequence variations visualized by bead trapping. (A) Five bases sequence
reference sequence (left), an equimolar mixture of two individuals whereof one is a
second position (right). (B) A theoretical view of the tiling array pattern used in (Asurface by coupling the molecule to a micrometer-sized
paramagnetic bead. The aim of the method is to make
important biological molecules visible by attaching these
molecules to larger objects like beads. This methodology of
detection is possible to apply wherever a suitable bond can be
found, as in the case of strong affinity binders like antibodies
or, as in our case, with the biotin–streptavidin interaction.
Applications of the present method are in expression profiling,
genotyping, and sequencing.d using a resequencing tiling array showing an individual with the mitochondrial
ltered at the first position (middle), and a single individual that is altered at the
).
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diagnostic purposes with human DNA sources; however, just as
easily, an array for identification of various other species can be
fabricated. For instance, as described under Materials and
methods, the DNA source underlying the work for this
communication was canine blood. Among other possible
applications lie those that detect the presence of common
bacterial or viral species in a sample or those that enable us to
follow the evolution of complex disease agents like HIV, which
is particularly important in the development of drug resistance.
The most important gain with this method is the simplicity of
the protocol and the very fast rate of detection. This in
combination with novel fast PCR instruments [12] enables the
entire process to be completed within 30–60 minutes. It also
eliminates the need for expensive machinery and equipment,
making genetic analysis available to a vastly broader field of
researchers. In the present communication we exemplify the
strength of the method in field applications by using a mobile
phone with a built-in camera (K800i; Sony Ericsson) to
document our array results (Fig. 4), transferring them via
Bluetooth or e-mail to a computer for final analysis. And yet,
larger research groups with access to high-end imaging
equipment will also benefit from the method. The ability to
visualize single micrometer-sized beads using a scanner or CCD
camera enables a great improvement in signal intensities,
compared to existing dye-based protocols. This could be
especially interesting when using miniature array formats like
those available from a series of manufacturers on the life science
market today.
Resequencing using a tiling array is a particularly interesting
application as any sequence can be analyzed for variations and
we have previously demonstrated its use for resequencing of the
p53 gene using fluorescent dyes [11]. There are no particular
considerations that need to be addressed for converting this
strategy to a visual bead trapping readout as exemplified here,Fig. 4. A full sequencing array visualized by bead trapping. Image of a large
tiling array captured with a mobile phone equipped with a built-in camera
(K800i; Sony Ericsson). The camera has a resolution of 3.2 megapixels. The
individual spots of the array are 100 μm in diameter and are readily
distinguishable with a clear sequence pattern for every position. No optimization
of exterior conditions was made.except for the use of a magnet to discriminate between matches
and mismatches/background. Future work will focus on using
the PCR product directly on the array instead of generating
single-stranded templates and this will improve the speed of the
overall process. The goal is to combine fast-PCR with single-
step PrASE and rapid bead trapping in a protocol taking
approximately 30 min at a cost of less than $10 U.S. Further
lowering the cost in other applications is the potential ability to
reuse such arrays that do not have biotinylated DNA covalently
coupled to their surface, as in the first approach of Fig. 1B. By
denaturing the double-stranded DNA the hybridized strand can
be washed away together with its coupled magnetic particle.
Hereby we will achieve a scalable and widely applicable DNA




Arrays of oligonucleotides were printed with a QArray printer (Genetix,
New Milton, Hampshire, UK) onto Codelink activated slides (Amersham
Biosciences/GE Healthcare, Uppsala, Sweden) and postprocessed according to
the manufacturer's instructions (see also [9], for detailed description). In brief,
arrays were created using a 0.15% Sarkosyl-containing phosphate printing
buffer (Amersham Biosciences) and 20 pmol/μl oligonucleotides with amino-
terminated c6 linkers (MWG, Ebersberg, Germany). A pattern of 16 subarrays
per microarray slide (7.5×2.5 cm) was printed. The chips were treated after
printing with a standard protocol for blocking using ethanolamine according to
the manufacturer's instructions (Amersham Biosciences).
Preparation of sample DNA
Sample DNA was obtained from canine blood samples. The DNA was
extracted using the Nucleospin kit (BD Biosciences, Erembodegem, Belgium)
and was performed according to the manufacturer's instructions.
Amplification of target DNA
The sample canine DNAwas subjected to PCR amplification using primers
targeting a 100-bp mitochondrial region. For the first approach, aimed at
hybridizing a biotinylated single-stranded DNA product to the microarray for
subsequent detection by bead trapping, a biotinylated forward primer and a
nonbiotinylated reverse primer were used. For the second approach, aimed at
hybridizing a nonbiotinylated single-stranded DNA product to the microarray
for subsequent allele-specific extension with biotinylated nucleotides, followed
by detection by bead trapping, a nonbiotinylated forward primer and a
biotinylated reverse primer were used. The PCR mixture consisted of 10 mM
Tris–HCl (pH 8.3), 2 mM MgCl2, 50 mM KCl, 0.1% (v/v) Tween 20, 0.2 mM
dNTPs, 0.2 μM each primer for the respective approaches, and 1 U of AmpliTaq
Gold DNA polymerase (Applied Biosystems, Foster City, CA, USA) in a total
volume of 50 μl, whereof 1 μl was the extracted sample DNA. The PCR was
carried out in a GeneAmp 9700 PCR (Applied Biosystems), using a temperature
profile consisting of a 12-min activation of the polymerase at 95 °C followed by
50 cycles consisting of 95 °C for 25 s, 55 °C for 25 s, and 72 °C for 25 s, with a
final elongation at 72 °C for 10 min.
Generation of single-stranded DNA
The DNAwas made single-stranded for better hybridization properties using
magnetic bead capture, elution, and manual release in a magnetic stand (Dynal/
Invitrogen, Carlsbad, CA, USA) or in a pipetting robot (Magnetic Biosolutions,
Stockholm, Sweden). The biotinylated double-stranded DNA was allowed to
couple to streptavidin-coated paramagnetic beads for 10 min. For the first
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EDTA) and water (Millipore), elution of the reverse strand was carried out using
0.1 M NaOH and the supernatant was discarded. The single-stranded
biotinylated target DNA was released from the magnetic beads by heating to
80 °C for 1 s in water [1]. For the second approach, after elution of the
nonbiotinylated forward strand, the supernatant was extracted and neutralized
using 0.1 M HCl.
Hybridization of single-stranded DNA to the microarray
For both approaches hybridization of DNA to the array surface was carried
out using 2× hybridization buffer (10× SSC and 0.4% SDS) mixed in equal parts
with single-stranded PCR product at 50 °C for 20 min. For each subarray a total
volume of 50 μl was used. Washing of the array surface after hybridization used
an SSC washing protocol with an initial 6-min incubation in 2× SSC, 0.1% SDS
buffer at 50 °C followed by 1 min of washing with 0.2× SSC buffer and then
0.1× SSC buffer. The glass slides were dried by brief centrifugation in a standard
table microcentrifuge (VWR, Stockholm, Sweden).
Allele-specific extension with biotinylated nucleotides
For the second approach, extension of oligonucleotides with biotinylated
nucleotides (Invitrogen) was performed using the PrASE protocol [6,9] in situ
on the chip. Two reaction mixtures of 25 μl each were used, the first (P1)
containing 10 U of exonuclease-deficient Klenow polymerase (Fermentas, St.
Leon-Rot, Germany), 1× extension buffer (42.5 mM Tris–HCl, pH 8, 5 mM
MgCl2, 1 mM DTT), and 0.25% BSA and the second (P2) containing 20 μg of
proteinase K (Invitrogen), 1.5 μM each nucleotide whereof A and C were
biotinylated, 1× extension buffer, and 0.25% BSA. The reaction mixtures were
heated to 37 °C and then deposited in the order P1, P2, fully covering the surface
of a subarray, and allowed to stand for half a minute. Washing of the slides after
the in situ PrASE used the same protocol as after hybridization.
Visualization of DNA sequence variations by bead trapping
Detection was carried out using a mixture of 10 μl of Myone streptavidin-
coated paramagnetic beads (Dynal) in 90 μl of 2× PBS, 0.2% Tween 20 buffer.
Thirty microliters of the mixture was deposited onto a subarray with
biotinylated DNA introduced onto it in previous steps. The paramagnetic
beads were then attracted toward the surface by holding a 2-cm-diameter
neodymium magnet directly underneath it for 20 s to allow biotin–streptavidin
bonds to form and for beads to be trapped on the DNA at the surface. The
magnet was then removed and was instead placed 1 cm above the array for 5 s
to attract and lift away any nontrapped beads. Finally the array was allowed to
stand for a minute with the magnet underneath it to allow bonds to fully form.
Washing of the arrays after detection of hybridized biotinylated DNA in the
first approach used 2 min of 0.2× SSC and 2 min of 0.1× SSC followed bybrief centrifugation in a standard tabletop microcentrifuge (VWR). Washing of
the arrays after detection with PrASE incorporation of biotinylated nucleotides
in the second approach used 2 min of 0.1 M NaOH and 2 min of 90 °C Milli-
Q, followed by 25 s of centrifugation in a standard tabletop microcentrifuge
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